A numerical study has been carried out to investigate the impact of adding syngas into JP-8 fuel. A new chemical mechanism has been assembled from existing mechanism of JP-8 and syngas and has been examined by comparing with the experimental data from literatures. The mechanism was then applied to Cantera zero-dimension constant internal energy and constant volume model and one-dimensional (1D) freely propagating flame model to calculate the ignition delay time and laminar burning speed, respectively. The simulations were carried out over a large range of temperature (700-1000 K), blending ratio (0-20% syngas), and H 2 /CO ratio (10/90 to 50/50). Simulation results showed that the blending syngas with JP-8 will slightly increase the ignition delay time and laminar burning speed.
Introduction
Syngas, or synthesis gas, has gained more and more attention because of its environmentally friendly characteristic. It can be easily produced from many sources, including natural gas, coal, renewable source such as biomass, etc. JP-8 is used widely by the U.S. military as fleet fuel, and since syngas [1] [2] [3] [4] [5] [6] has many desirable combustion characteristics, blending syngas with conventional fuel may improve combustion performance. Investigating the effects on the combustion characteristics by adding syngas in JP-8 can give us a better understanding of how to utilize syngas.
Many numerical and experimental researches have been done to investigate combustion characteristics of JP-8 and syngas separately. Lenhert et al. [7] investigated the oxidation of JP-8 and Jet-A and their surrogates. Negative temperature coefficient (NTC) behavior was observed for both fuels, and the ignition behaviors were almost the same for both fuels at low temperature. Kumar and Sung [8] also studied the auto-ignition characteristics of JP-8 and Jet-A using a heated rapid compression machine. Two-stage ignition characteristics were found for both fuels. The first-stageignition was found to be less sensitive to the equivalence ratio. Negative temperature coefficient was also found and became more salient at low pressure conditions. Vasu et al. [9] measured the ignition delay time of JP-8 and Jet-A using a heated high-pressure shock tube. Ignition delay time of JP-8 and Jet-A were in close agreement at higher temperatures. Allen et al. [10] compared the ignition delay time of JP-8 with a hydrotreated renewable jet (HRJ) fuel at low temperature by using rapid compression machine and the direct test chamber charge preparation approach and found faster ignition of HRJ fuels than JP-8. Later, Valco et al. [11] compared JP-8 and HRJ fuel together with other conventional jet fuels and got the same result. Moghaddas et al. [12] measured the laminar burning speed of Jet-A and different types of JP-8 using a constant volume spherical chamber. Burning speeds of these fuels were found to be similar to each other. Heneghan et al. [13] presented 12-component surrogates for JP-8 using various experimental techniques. Violi et al. [14] first came up with a surrogate blend of six hydrocarbons. The corresponding chemical mechanism was constructed and tested through comparisons with the experimental data of pure surrogates. Seshadri et al. [15] developed chemical mechanism for JP-8 fuel. Two kinds of surrogates were tested in a laminar premixed flow and one surrogate with 57% n-dodecane, 21% methylcyclohexane, and 22% o-xylene by weight was found to have a good agreement in predicted critical conditions with experimental data at stoichiometric conditions. Montgomery et al. [16] constructed a reduced chemical kinetic mechanism that was appropriate for computational fluid dynamics simulation. Tay et al. [17] constructed a reduced kerosene-diesel mechanism and used it to simulate the energy release and flame lift-off lengths in a diesel engine. Aggarwal et al. [18] investigated the ignition of JP-8 blended with hydrogen and syngas. No significant changes in ignition delay time were found with small addition of H 2 or syngas. The laminar burning speed of JP-8 and syngas mixture has still not been determined. In the present work, the effects of adding syngas into JP-8 on ignition delay time and laminar burning speed has been numerically investigated over a wide range of blending ratio, initial temperature, and pressures.
Detailed Kinetics Model
The most accurate way to determine the time-dependent behavior of the state of a reaction system is developing a correct detailed kinetics model for the reacting system [19] . In this study, a constant internal energy and constant volume model is used to calculate the ignition delay time. In this model, the concentrations of all the species and the system temperature are time-dependent variables. This model consists of a full set of nonlinear ordinary differential equations for the prediction of species concentrations and temperature via species and energy balance equations, respectively.
The energy of the reactants and products mixture can be expressed as follows:
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The rate equation for the temperature is obtained by differentiating Eq. (1)
where n j is the mole number of species j, e j ðTÞ is the specific internal energy (per mole) of species j at temperature T, and c vj ¼ de j =dT is the specific heat at constant volume for species j.
The mole numbers of all the components are governed by the reactions. For a reaction system, any chemical reactions can be written as follows:
where X j is the symbol of species j, n s is the number of species, n r is the number of reactions, 0 ji and 00 ji are the stoichiometric coefficients on the reactants and products side of the equation, respectively, for species j in the reaction i. Then, the rate equation of species j can be expressed as
where
where d½X j =dt is the net molar concentration rate of species j, q i is the rate-of-progress variable for the i th elementary reaction, k f i and k ri are the elementary forward and reverse rate coefficients, respectively. Solving Eqs. (2) and (4) simultaneously can give us the concentrations and temperature profiles versus time, which describe the change of state of the system. The ignition delay time was calculated when the temperature reached a value of 10% above the initial temperature. The one-dimensional (1D) freely propagating premixed laminar flame is calculated by solving the steady-state one-dimensional governing equations: Continuity
Equations of state
where _ m is the mas flow rate, q is the mean density of the mixture, T is the temperature, Y k is the mass fraction of the k th species, p is the pressure, u is the velocity of the fluid mixture, M k is the molar mass of the k th species, and M is the mean molar mass of the mixture. The boundary conditions at the inlet will be set as the initial temperature and mole fractions. The boundary conditions at the outlet will be the corresponding equilibrium state. The steadystate temperature and mass fraction distribution will be given by solving Eqs. (7)-(10).
Chemical Kinetic Model for JP-8/Syngas Mixture
In order to have an accurate prediction of JP-8/syngas mixture, a chemical mechanism that is valid for both syngas and JP-8 should be used. Thus, two widely used JP-8/air and syngas/air mechanism were chosen. The mechanism of Ranzi et al. [20] , which has 484 species and 19,341 reactions, has been widely used for JP-8 combustion simulation [14, 15, 17] . This mechanism was developed for a variety of fuels and was examined by comparing the predicted laminar burning speed with the experimental data [20] . Davis mechanism [21] , which has 14 species and 38 reactions, was developed for syngas and has a good agreement with the experimental laminar burning speed [5] . In this study, a new mechanism is developed by combining Ranzi et al. [20] mechanism and Davis mechanism [21] . A slight modification is made by investigating the kinetics of important radicals [22, 23] to have a good consistency in the mechanism. There are 484 species and 19,351 reactions in the mechanism. This large mechanism can be used for zero-dimensional and one-dimensional laminar flow analysis, but it cannot be used for multidimensional and turbulent flow analysis [24] [25] [26] [27] using corrent computers. In order to study the multidimensional and turbulent flow, a model should be simplified using reduction techniques such as rate-controlled constrainedequilibrium [13, [28] [29] [30] [31] [32] [33] [34] [35] [36] . The surrogates for JP-8 are chosen as 80% n-decane and 20% trimethyl-benzene [15] .
The mechanism was verified by comparing it with experimental results and other mechanisms. Figure 1 shows the comparison of predicted ignition delay time of syngas using the mechanism of Ranzi et al. [20] , Davis et al. [21] , and this study with the experimental data from Petersen et al. [37] . As shown in the figure, the present mechanism has a better agreement with the experimental Fig. 1 Comparison of predicted ignition delay time for syngas with the experimental data of Petersen et al. [37] , Davis et al. [21] , and Ranzi et al. [20] mechanisms at a pressure of 20 atm, initial compostion of 7.33% H 2 , 9.71% CO, 1.98% CO 2 , 17.01% O 2 , and 63.97% N 2 data. Figure 2 shows the ignition delay time of JP-8 calculated using different mechanisms and measured by Vasu et al. As indicated in Fig. 2 , the predicted value of present mechanism is almost the same as the mechanism of Ranzi et al., and the present mechanism is also able to predict the NTC behavior of JP-8. Thus, the present mechanism is suitable for simulating JP-8 and syngas mixture combustion characteristics.
Results and Discussion
The constant internal energy, constant volume 0D reactor, and 1D freely propagating flame model in CANTERA have been used to predict the ignition delay time and laminar burning speed, respectively. Figure 3 shows the predicted ignition delay time of JP-8 and syngas mixture. As the mole fraction of syngas increases from 0% to 20%, the ignition delay time slightly increases at low temperatures but decreases at high temperature. This is because at high temperature JP-8 becomes more active and CO (90% in syngas) acts as an inert gas. While H 2 (10% in syngas) reacts with excess O 2 (which is used to balance CO) and decreases the ignition delay time. At low temperature, JP-8 is not very active. Then, the effect of CO becomes more important which leads to the slight increase in ignition delay time.
Ignition Delay Time.
The NTC which is found by many researchers [8, 11, 18] is also shown in Fig. 3 . Figure 4 shows the ignition delay time of JP-8 and syngas mixture with different hydrogen concentrations. The ignition delay time does not change significantly when the mole fraction of hydrogen increases. A strange phenomenon is found at temperature range between 800 K and 1000 K. The increase of hydrogen increases the ignition delay time slightly in this region. The increase is so small that it cannot be shown clearly in Fig. 4 . This phenomenon is also observed by Aggarwal et al. [18] at low temperature. The excess hydrogen will react with OH radicals and then slows down the ignition process.
Laminar Burning Speed.
The most successful determination of laminar burning speed of fuel/oxidizer is to measure it experimentally [6, 16, [38] [39] [40] [41] [42] [43] . In the absence of experimental data, then simulation using an accepted chemical kinetics model will be useful. Figure 5 shows the predicted laminar burning speed of JP-8 and syngas mixture. One can easily observe that as mole fraction of syngas in the mixture increases, the laminar burning speed of the mixture keep increasing. This effect is more and more significant as the initial temperature decreases. Hydrogen additive plays an important role in increasing the laminar burning speed. At low temperature, the laminar burning speed for pure JP-8 is very slow, hence, adding H 2 can increase the laminar burning speed significantly. Figure 6 shows the effect of different hydrogen concentration in syngas on the laminar burning speed of JP-8/syngas mixture. Laminar burning speed will slightly increase as hydrogen concentration increases because of the high activity of hydrogen. It is also shown in Fig. 7 as we fix the hydrogen-carbon monoxide ratio but change the JP-8/syngas ratio. Negative effect of pressure on laminar burning speed is also observed from Figs. 6 and 7, which satisfies the negative power coefficient used in empirical equation by Egolfopoulos and Law [44] .
Conclusions
In this work, a mechanism for JP-8 and syngas mixture has been developed, and it was used with CANTERA 0D and 1D model to predict the ignition and laminar burning speed characteristics of JP-8 and syngas mixture. A mixture of 80% n-decane, and 20% trimethyl-benzene, was used as the surrogate fuel to mimic the chemical composition of the JP-8 fuel. The key highlights of the predictions are Starting from low temperature, the ignition delay time for JP-8/syngas mixture first decreases as the initial temperature increases for low temperature (T < 800 K), then increases at intermediate temperature (800-1000 K), and finally decreases again for high temperature range (T > 1000 K).
Blending syngas with JP-8 will slightly increases the ignition delay time. The effect will become more significant as the initial temperature decreases. At low temperature, adding H 2 will increase ignition delay time because reaction H 2 þ OH ¼ H 2 O þ H depletes OH radicals and slows down the ignition progress. The laminar burning speed will increase if syngas is added into JP-8. The more H 2 in syngas the more laminar burning speed will increase. H 2 is more active and has faster burning speed than JP-8, thus increases laminar burning speed of JP-8/syngas mixture. CO will act as an inert at such high temperature. Laminar burning speed will decrease as the pressure increases. 
